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Abstract 
The gun tunnel is built up due to the shock-tube theory as one of the high-speed ground test facilities and is distinguished with 
the shock tunnels by the design and use of the piston, which is the most important reason that makes the gun tunnel running for a 
longer time than the relative shock tunnel. The equilibrium piston theory supplies the rationality of the gun tunnel, which 
assumes that the light piston used in the gun tunnel runs as the same speed as the shock interface between the high and low 
regions in the shock tube, and the piston mass could be calculated by the pressure and velocity relation in various regions and the 
energy conservation formula. The piston with more appropriate mass could result in the more steady running state of the gun 
tunnel and it could be experimentally validated by the curve of the total pressure, which is interpreted by its voltage signal of the 
pressure transducer. Based on that technique of equilibrium piston design, the running time of the gun tunnel could be estimated. 
© 2014 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of Chinese Society of Aeronautics and Astronautics (CSAA).  
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1. Introduction 
Shock tunnel is an important test facility to simulate the high-speed flight environment with high temperature or 
enthalpy based on the shock tube theory. But earlier shock tunnel could not supply the enough high total 
temperature, so a new idea that a piston is emplaced in the shock tube and could be accelerated to a high speed to 
compress the test gas to obtain the high total temperature of about 10000K is introduced by AMES in 1955. The 
new facility is named as gun tunnel in their attempt. Compared with the conventional hypersonic wind tunnel, the 
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gun tunnel has the advantages of simpler structure and lower costs. Thus, from 1950s to 1960s, a lot of gun tunnels 
are built up in England, Sweden, Canada, Japan and Germany, one after the other [1]. 
Distinguished with the general shock tunnel, the main innovation of the gun tunnel is the use of the equilibrium 
piston. In 1961, East [2] advanced one concept of equilibrium piston running, that is, while the mass of the piston is 
fit to some certain condition, the oscillation of the piston during its running could be reduced or even removed. 
Sakurai [3] theoretically investigated the initial behavior of a gun-tunnel piston and concluded that if a light piston is 
used, the piston speed approaches the final speed very rapidly, as is expected intuitively. Stalker [4] analyzed the 
influence of the later compression of the shock wave to the aerodynamic parameters of the gas in front of the piston 
and concluded that it could be neglected. Davies et al. [5] applied the equilibrium piston theory to estimate the mass 
of the piston and found that the real value of the mass of the piston is 0.65 times of that theoretic value. They 
pointed out that the correction coefficient of 0.65 is because the real value of XL (the distance from the entrance of 
the contraction to the location where the reflected shock wave encounters the piston) is 0.65 times of the theoretic 
value of XL and determined by their NPL 2 inch gun tunnel, and various gun tunnels have various correction 
coefficient of the mass of the piston.  
Zenghe, Wang [1] summarized the advancement of the equilibrium piston technique and applied that theory to 
design the piston to run and calibrate the FD-20 gun tunnel in CAAA in 1978. The wave series during the running of 
the light-piston gun tunnel are shown in figure 1. Fuxing, Qian et al. [6] numerically discussed the compressive 
processes of the free piston after the opening of the second diaphragm in the nozzle of the gun tunnel. Hongkui, 
Zhang [7] calculated the aerodynamic parameters in the stages of the gun tunnel running due to the hypothesis of 
one-dimensional unsteady flow and the method of characteristics, and the wave series during the running of the 
piston in the shock tube are described. 
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Fig. 1. Wave series and the piston trace after the starting of gun tunnel. 
In 1981, Xiaojin, Xu [8] reported the analysis on the equilibrium piston theory, and oppugned the opinion of  
Davies et al. Xu argued that two details could be noted as the following: (1) the real value of XL is always a little 
larger than the theoretic value of XL by his estimation, so the analysis on the coefficient of 0.65 by Davies et al. is 
unreasonable; (2) the decrease of the piston speed due to the friction between the piston and the inner wall of the 
shock tube and the increase of the upstream pressure of the piston are both neglected in Davies’ analysis. Thus, Xu 
gave out new analysis on the correction coefficient and pointed out that it varies as the function of the P41 (the ratio 
of the pressure P4 in the driver tube to the pressure P1 in the driven tube) 
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The investigation on the equilibrium piston theory and its application is seemed to be break out due to little new 
papers on that could be found from 1980s on. One possible reason is that the loss by the correction is acceptable. 
However, the loss of the rejected run in the gun tunnel would be accumulated to a higher level in the past years. It is 
obviously resulted from the imprecise of the equilibrium piston theory. On the other hand, the development of the 
equilibrium piston theory is also required in the calibration of the new gun tunnel. Thus, the summary and the 
preliminary analysis on the equilibrium piston theory of the light piston gun tunnel and its application are carried out 
in this paper. 
2. Equilibrium piston estimation 
The mass of the piston in the light piston gun tunnel is estimated by equilibrium piston theory, which is advanced 
based on the shock wave functions in the shock tube. The most important hypothesis of this theory is the piston has 
the same speed as the interface between the region 1 and region 2 (in fig. 1). 
The one of the key parameters is the Mach number of the shock wave (named as Ms) downstream of the piston. 
And based on the shock wave relations, the value of Ms could be calculated by P41 as: 
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where J  is the ratio of specific heat and is equal to 1.4 for the test gas of air. 
The speed of the piston could be derived as: 
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The pressure of the region 2 could also be estimated as: 
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Then the pressure and the temperature of the region 5 that occurs after the shock wave reflects from the 
diaphragm at the end of the tube could obtain by the following formulas (4) and (5): 
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When the piston moves downstream, the shock in front of the piston will reflect for many times between the 
piston and the second diaphragm at the end of the tube. XL is the distance from the second diaphragm to the location 
that the piston encounters with the reflected shock for the first time, and based on the conservation of mass, it is 
written as (6): 
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where L is the length of the driven tube. 
P3 is the back pressure of the piston and is difficult to evaluate. Herein, the equilibrium piston theory is 
introduced to solve that. The theory assumes that the piston could achieve the uniform motion then decelerate to 
stand at some location without any oscillation. Thus, it is usually assumed that: 
3 2P P                                                                                                                                                                   (7) 
And the Mach number of the region 3 is also derived as: 
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At last, the piston is stopped at some location, and the distance from this location to the second diaphragm is 
denoted as Xe. Pe is the front pressure of the piston and Te is the front temperature of the piston, and those two 
parameters could be estimated by the following two equations (9-11) based on the isentropic shock relation.  
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Here, the area of cross section of the shock tube, denoted as A, is considered as steadiness, the conservation of 
mass could be used to obtain the formula: 
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And the conservation of energy could be used to the movement of the piston and the increase of the gas internal 
energy equals to the sum of the loss of the piston’s kinetic energy and the work of P3. That is: 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Then, the mass of the piston could be calculated out from those equations and the assumption of P5 / Pe << 1 is 
also to be used. So it is concluded that: 
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3. Experimental results 
For piston design in the gun tunnel, the mass of piston is required to preliminarily estimate before the running of 
the tunnel. The equation (14) theoretically gives out the value of the piston mass if the initial parameters are given. 
Thus, for the FD-22 gun tunnel in CAAA, the parameters confirmed by the structural design are listed in table 1.  
Table 1. Parameters for estimation of piston mass. 
Specific heat ratio (γ) Diameter of driven tube (mm) Area of driven tube (mm2) Length of driven tube (m) 
1.4 180 25446.9 20 
In the real running of the tunnel, the simulation to the Reynolds number (or the altitude) requires that the pressure 
in the driver and driven tube should be carefully selected. Table 2 shows that a few cases of the pressure parameters. 
Table 2. Parameters for requirement of simulation. 
Ma ReL (m-1) Pressure in driver tube (P4, atm) Pressure in driven tube (P1, atm) 
8 9.0×106 98 1.5 
The data listed in the table 1 and 2 are substituted into the equations (1-14) and the mass of the piston could be 
estimated as 956 g. However, the real mass of the piston is selected as 660 g, 735 g and 850 g based on the 
correction experience in the past years. And those voltage curves of the pressure transducer settled near the end of 
the driven tube are shown in fig. 2, and with the increase of the mass of the piston close to 956 g, the curve in the 
time range from 0.02 s to 0.05 s becomes more and more smooth. It could be found that in that region, the blue 
curve for mp = 660 g has 15 pairs of peaks and valleys, the blue curve for mp = 735 g has 14 pairs of peaks and 
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valleys and the red curve for mp = 850 g has only 10 pairs of peaks and valleys. On the other hand, the decrease of 
the amplitude for three cases could also be seen. 
 
Fig. 2. Voltage of transducer for different mp. 
4. Conclusion and discussion 
The estimation of the mass of the piston is one of the most important requirements in the design of the gun tunnel 
for its longer running time of about tens of milliseconds than the general shock tunnel. And the running time of the 
gun tunnel could be estimated by the measurements of the pressure transducer when an equilibrium piston with 
appropriate mass is designed and used. 
From above, a question may be: why not directly use the piston with mass of 956 g? It is mainly due to the past 
design experiences. The existence of the friction between the piston and the inner wall of the driven tube results in 
that the real value of the piston mass is usually smaller than the theoretic value of that. In the past works, the 
correction from the theoretic value to the real value of the piston mass resulted from the friction is mainly focus the 
prediction of Pe [8], and the ratio of Pe to P4 is from about 0.9 to 0.7 with the increase of P41 in usual. Thus, three 
ratios of 0.7, 0.77 and 0.89 of the Pe to P4 are selected. The oscillation of the piston is weakened with the increase of 
the ratio. It is seemed that the better flow field would be obtained as the real piston mass is closer to the theoretic 
value of that, and it could be preliminarily concluded that the prediction of the equilibrium piston theory is well 
based on those measurements. 
What a doubtful and regrettable thing is no notable advancements could be found in the investigation on the 
design of the piston based on the analyses of the friction and the other detailed questions in light piston gun tunnel in 
past thirty years. One feasible approach is to analyze the influence of the friction to the piston speed in detail, 
because the piston speed could be measured during the running of the gun tunnel. And for us, more pistons with 
different mass should also be tested. Whatever, lots of experimental and theoretical work on the analysis of the 
theory and its application is required to carry out for the development of the gun tunnel in the future.  
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